Loss-and gain-of-function mutations in methylCpG-binding protein 2 (MECP2) underlie two distinct neurological syndromes with strikingly similar features, but the synaptic and circuit-level changes mediating these shared features are undefined.
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In Brief MeCP2 loss and gain cause similar celltype-dependent synaptic and circuit dysfunction in the hippocampus. Chronic forniceal deep brain stimulation that rescues hippocampus-dependent learning and memory in Mecp2 +/À (Rett) mice also rescues circuit dysfunction in these mice.
INTRODUCTION
Deletion or duplication of specific genes causes neurodevelopmental disease, and, surprisingly, the loss-and gain-of-function disorders for a given gene often have overlapping neurological symptoms. Rett syndrome and MECP2 duplication syndrome are good examples: Rett syndrome is caused by loss-of-function mutations in the gene encoding methyl-CpG-binding protein 2 (MeCP2), whereas MECP2 duplication syndrome is caused by duplication of the genomic region that spans MECP2 in Xq28. Although the syndromes are distinct, and mouse models of these disorders show inverse patterns of gene expression (Chahrour et al., 2008) , synapse strength and number (Chao et al., 2007) , synaptic plasticity (Chahrour and Zoghbi, 2007; Collins et al., 2004) , and dendritic arborization (Jiang et al., 2013) , the Rett and MECP2 duplication syndrome phenotypes overlap as the full-blown syndromes develop. Both produce autism features, seizures, motor impairments, stereotyped behaviors, and intellectual disability (Chahrour and Zoghbi, 2007; Ramocki et al., 2010) . The mechanism accounting for overlapping phenotypes in two syndromes with opposite molecular defects (and transcriptional alterations) remains mysterious. Learning disability is a common phenotype of both Rett syndrome and MECP2 duplication syndrome (Chahrour and Zoghbi, 2007; Ramocki et al., 2010) . During learning, the hippocampus receives stimuli relevant to the training experience from the cortex (Mehta, 2015) . Optimal function of the hippocampal circuit depends on asynchronous, sparse firing activity (Huxter et al., 2003; Renart et al., 2010) . A range of homeostatic mechanisms actively generates this asynchronous neural circuit state by mediating the balance between synaptic excitation and inhibition (Okun and Lampl, 2008) . Impairment in these mechanisms leads to a loss of the asynchronous network state, resulting in populations of neurons firing in synchrony (Uhlhaas and Singer, 2006) , even in the absence of stimulation at the baseline state. Excessive neuronal population synchrony disrupts complex circuit dynamics, impairing normal information processing (Gon-ç alves et al., 2013; Luongo et al., 2016) .
Given that MECP2 deletion and duplication syndromes both result in learning disability, and the close relationship between learning and memory and hippocampal function, we hypothesized that the opposing molecular defects in these disorders lead to shared abnormalities in hippocampal circuit function and homeostasis. To explore this hypothesis, we used in vivo and ex vivo electrophysiology, two-photon calcium imaging, conditional mouse genetics, and forniceal deep brain stimulation (DBS).
RESULTS

Female mice lacking one Mecp2 allele (Rett model, Mecp2
+/À ) (Guy et al., 2001) or expressing an extra copy of the human MECP2 allele (MECP2 duplication syndrome model) (Collins et al., 2004) were crossed to transgenic animals that express the genetically encoded calcium indicator GCaMP3 in excitatory neurons (thy1-gcamp3) (Chen et al., 2012) . We performed all ex vivo experiments in 8-to 12-week-old F1 hybrid mice, which
do not yet manifest seizures, giving us the opportunity to study how MeCP2 dysfunction disrupts spontaneous circuit activity. We prepared coronal slices containing dorsal hippocampus from F1 males at 8 weeks of age and F1 female Mecp2 +/À mice at 12 weeks, when these models develop hippocampusdependent learning abnormalities (Collins et al., 2004; Guy et al., 2001; Samaco et al., 2013) , and imaged calcium events in hippocampal CA1 pyramidal neurons by two-photon microscopy (see Experimental Procedures; Figures 1A and 1B; Movie S1, available online). We recorded activity from multiple neurons simultaneously (median 11 per field of view, range 2-22) (Figure 1B) . GCaMP3 accurately represented CA1 pyramidal neuron spiking in our preparation ( Figure S1A ) as reported previously (Chen et al., 2012) . Analysis was performed on the averaged fluorescence trace thresholded to detect events and exclude noise ( Figure S1B ; see Experimental Procedures). Neurons from Mecp2 null mice (Null) had lower event rates and event amplitudes than neurons of wild-type (WT) mice, whereas neurons from mice overexpressing MECP2 (Tg1) showed higher event rates and amplitudes ( Figures S1C and S1D ). Both mutant genotypes, however, showed synchronization of activity across simultaneously imaged neurons ( Figures 1C and 1D ). As seen in the example heatmaps of calcium activity ( Figure 1C ), WT neurons (top) were asynchronous, firing relatively independently in time, while in Null and Tg1 mice there are clear examples of multi-neuron ensembles activating simultaneously (i.e., synchronously). This effect was apparent when comparing the cumulative interneuronal correlation coefficient distributions across all pairs ( Figures 1D and S1E ) or the mean correlation coefficient as a function of distance between neurons ( Figure 1D , insets). The elevated synchrony in mutants was not due to differences in the event rate ( Figure S1F ). Twelve-week-old Mecp2 +/À female mice (hereafter referred to as Rett) showed a similar effect (Figures 1C and 1D, purple) , demonstrating that mosaic loss of MeCP2, as occurs in Rett syndrome patients, also generates CA1 hypersynchrony. Normal levels of MeCP2 are required for neural circuits to maintain the asynchronous network state.
Next, we confirmed that neuronal hypersynchrony also occurs in Mecp2 mutant mice in vivo by single-unit recording. Tetrodes were implanted into hippocampal CA1 (Cheng and Ji, 2013) of Rett mice and WT littermates ( Figure 1E ), and ensembles of single units were recorded as animals stood on a small platform ( Figure 1F ). Pearson correlation coefficients computed from the firing rates (binned at 167 ms as in calcium imaging data) revealed a significant increase in the synchrony of neurons in Rett mice compared to WT during quiescent wakefulness (Figure 1G ). Increased synchrony in Rett mice was observed at a wide range of firing rate bin sizes (5-200 ms; Figure 1G , inset) and was also present during active wakefulness ( Figure 1G , inset, dotted lines). Average firing rates were similar between genotypes (WT, 0.57 ± 0.14 Hz; Rett, 0.65 ± 0.12 Hz during quiescent wakefulness). No electrophysiological signatures of epileptic activity in the hippocampus were observed in any WT or Rett mice that were studied. These data show that Mecp2 mutations produce abnormally increased synchrony between CA1 neurons in vivo, similar to what we observed with hippocampal slices.
We then monitored spontaneous hippocampal activity before and after bath application of the GABA A receptor antagonist Gabazine (Figures 2A and S2A ). Low-dose GABA blockade (0.5-1 mM Gabazine), which blocks approximately 10%-30% of GABA A receptors (Uchida et al., 1996) , increased synchrony more dramatically in neurons from Null (blue), Tg1 (orange), and Rett (purple) mice than neurons from their control littermates (Figures 2A-2C and S2A; Movies S1 and S2), revealing an impaired ability of the Mecp2 mutants to maintain the asynchronous network state in the presence of Gabazine. This effect was consistent in the presence of Gabazine over a range of different concentrations (0.5, 1, and 10 mM; Figure S2B ). Given that the increase in mean interneuronal correlation strength observed in the mutants after Gabazine application is greater than would be expected purely on the basis of differences seen at baseline (pre-Gabazine condition) ( Figure 2C ), this suggests a failure of homeostasis. Low-dose GABA blockade led to increased synchrony in mutants even after lesioning the CA3 to CA1 Schaffer collateral (SC) input ( Figure S2C ), suggesting that hypersynchrony is attributable, at least in part, to changes in the local CA1 circuitry. Lesioning the SC input in the absence of GABA blockade also increased synchrony in Tg1 mice ( Figure S2D ), but not Null mice (data not shown), indicating synchrony-favoring local circuit abnormalities in MECP2-overexpressing CA1.
To examine the role that MeCP2 plays in different types of neurons in the development of CA1 hypersynchrony, we employed conditional knockout (cKO) and overexpression (cOE) genetic techniques. We generated cKO mice that lacked MeCP2 either in excitatory pyramidal neurons (Vglut2-Cre ;Mecp2 flox+/y , PV-cKO; Figure 2D , maroon). We also generated cOE mice that overexpressed MeCP2 specifically in excitatory neurons by breeding Vglut2-Cre +/À male mice to females carrying an Mecp2 conditional rescue allele with a floxed STOP cassette (Mecp2 LSL/+ ) (Guy et al., 2007) and Tg1 allele (Vglut2-Cre +/À ;Mecp2 LSL/y ;MECP2 Tg1 , E-cOE; Figure 2D , light orange). Calcium activity in hippocampal CA1 neurons was acquired before and after low-dose GABA blockade in cKO/cOE mice and littermate controls ( Figure 2D ). Remarkably, elevated baseline (pre-drug) synchrony was observed in CA1 pyramidal neurons recorded from mice that selectively lacked (E-cKO) or overexpressed (E-cOE) MeCP2 in excitatory cells, but not from neurons in mice that selectively lacked MeCP2 in inhibitory neurons (SST-cKO and PV-cKO). In contrast, low-dose GABA blockade drove profound hypersynchrony in the SST-cKO and PV-cKO, but a much smaller increase in synchrony in the E-cKO compared to constitutive Mecp2 KO (compare Figure 2D to Figure 2C ), and no increase in the E-cOE relative to control. These data suggest that MeCP2 in inhibitory interneurons plays a key role in maintaining the asynchronous state in response to perturbations that tip the balance of excitation versus inhibition.
A recent modeling study of hippocampal dysfunction in Rett syndrome specifically predicted a loss of excitatory synaptic response in inhibitory neurons (Ho et al., 2014) . We therefore tested this possibility in hippocampal CA1 oriens-layer interneurons, the majority of which receive excitatory glutamatergic input from the axon collaterals of CA1 pyramidal neurons and mediate feedback dendritic inhibition to these pyramidal neurons (Mü ller (G) Cumulative histogram of correlation coefficients measured from Rett mice (purple, n = 739 pairs, 123 neurons, 6 animals) and WT mice (black, n = 569 pairs, 100 neurons, 5 animals). ***p < 0.0001, Mann-Whitney U test or Kolmogorov-Smirnov test. Inset, correlation coefficient at each time bin size for Rett and WT mice, in the awake quiescent (dotted line) and awake moving (solid line) state. Note that pairwise neuronal correlations are consistently elevated in Rett mice across firing rate bin sizes in both behavioral states. Arrow points to the bin size (167 ms) of the datasets used in (F) and the cumulative histogram. Error bars represent mean ± SE.
and Remy, 2014) ( Figures 3A and 3B) . Remarkably, the frequency of spontaneous excitatory postsynaptic currents (sEPSCs) in oriens-layer interneurons was decreased by about 40% in both Null and Tg1 mice ( Figure 3B ), revealing a profound impairment in excitatory synaptic response in the inhibitory neurons of the hippocampal circuit. The amplitude of sEPSCs was also decreased by 30% in Null interneurons. The impairment on sEPSC frequency in inhibitory neurons occurred in both excitatory neuron-specific cKO mice (E-cKO) and SST+ inhibitory neuron-specific cKO mice (SST-cKO) ( Figure S3A ). This shows that normal MeCP2 function is required in both the presynaptic and postsynaptic neurons to maintain normal excitatory-toinhibitory synaptic function. As previously reported (Chao Table  S1 for n numbers.
(D) Normalized mean correlation (corr.) coefficients of CA1 pyramidal neuron in excitatory-specific Mecp2 knockout mice (E-cKO, teal), somatostatin neuron-specific KO (SST-cKO, magenta), parvalbumin neuron-specific KO (PV-cKO, maroon), and excitatory-specific Mecp2 overexpression (E-cOE, light orange) mice and control littermates at baseline and with low-dose Gabazine. Correlation coefficient of the mutants was normalized to control (combination of WT and Cre) at baseline and with low-dose Gabazine, respectively. **p < 0.01, ***p < 0.0001, Mann-Whitney U test, analyzed per pair. See Table S1 for n numbers. Error bars represent mean ± SE. et al., 2007) , connectivity between excitatory neurons was increased in Tg1 mice and decreased in Null mice (Figure 3C ). The basic function of inhibitory synapses onto excitatory CA1 neurons was normal in both Null and Tg1 mice ( Figures S3B and S3C) . Thus, decreased excitatory synaptic responses in oriens-layer interneurons, which could lead to reduced recurrent inhibition during spontaneous activity, are a shared synaptic abnormality in MeCP2 disorders.
Finally, we explored the effects of DBS of the fornix on these phenotypes, since DBS normalizes hippocampus-dependent learning and memory in Rett mice (Hao et al., 2015) . We therefore implanted 6-to 8-week-old Rett mice and WT littermates with chronic stimulating electrodes targeted unilaterally to the fimbria-fornix under the guidance of evoked potential recordings in the hippocampus ( Figure 4A ). Mice in the DBS group received daily DBS for 2 weeks (Hao et al., 2015) , and mice in the sham group underwent identical procedures except for DBS. We performed experiments 3 weeks after the last stimulation session, matched to the time of behavioral rescue (Hao et al., 2015) . Chronic DBS, but not sham DBS, normalized synchrony between CA1 pyramidal neurons to WT-like levels ( Figure 4B ) and restored the mutant circuit's homeostatic responsiveness ( Figures 4C and 4D) . Interestingly, DBS did not affect baseline CA1 synchrony in WT animals, but had the opposite effect on their homeostatic response, exacerbating Gabazine-mediated elevation of correlations in WT ( Figure 4C ). Event rate and event amplitude of Ca 2+ traces were the same in Rett and WT mice, and were unaffected by DBS ( Figure S4A ). We next measured the effect of DBS on the impaired excitatory synaptic response in oriens-layer interneurons. Because Mecp2 is an X-linked gene and has mosaic expression in Rett syndrome mice and humans (Chahrour and Zoghbi, 2007) , we were able to record from both MeCP2-lacking and MeCP2-expressing neurons in the same animal ( Figure 4E ). In total, 40%-50% of oriens-layer interneurons also express the neuropeptide SST ( Figure 4E ). Similar to our previous observations in Null and Tg1 mice (Figure 3B ), the frequency of sEPSCs was decreased by about 50% in MeCP2-lacking interneurons compared to MeCP2-expressing interneurons in sham-treated Rett mice (Figure 4G, left) , revealing a profound impairment in excitatory synaptic response in MeCP2-lacking inhibitory cells. It was also significantly lower than that measured in sham-or DBS-treated WT mice. Spontaneous EPSC amplitude was also decreased in interneurons lacking MeCP2 (Figure 4G, right) . Remarkably, DBS restored sEPSC frequency and amplitude in MeCP2-lacking interneurons back to WT-like (or slightly higher) levels (Figure 4G) . The effect of MeCP2 loss and the normalizing effect of (B) Spontaneous EPSCs (sEPSCs) measured from CA1 oriens-layer interneurons (I-sEPSC) in Null (blue, n = 11), Tg1 (orange, n = 19), and WT littermates (black, n = 9 and 19, respectively). (C) sEPSCs measured from CA1 pyramidal neurons (E-sEPSC) in Null (blue, n = 14), Tg1 (orange, n = 17), and WT littermates (black, n = 13, n = 15). From left to right: experiment schematic, example sEPSC traces, mean sEPSC frequency, mean sEPSC amplitude. *p < 0.05, **p < 0.01, t test. Error bars represent mean ± SE. DBS were the same for both SST-positive and SST-negative neurons ( Figure S4B ), suggesting that these phenotypes occur across multiple subtypes of inhibitory neurons in stratum oriens. Notably, the effect of MeCP2 loss, as well as that of DBS-mediated rescue on excitatory synaptic function in interneurons, is specific to cells lacking MeCP2. This rules out a range of potential confounds that could arise due to differences in slice composition and, furthermore, indicates that DBS intervention is exceptionally specific.
DISCUSSION
We found that hippocampal CA1 hypersynchrony is a feature of both Rett and MECP2 duplication syndrome models. Conditional loss-and gain-of-function studies show that excitatory neurons depend on normal MeCP2 function to maintain the asynchronous state at baseline, whereas inhibitory interneurons require MeCP2 to enable the circuit to resist hypersynchrony in the face of perturbations to the excitation/inhibition balance. We also found weakened excitatory synaptic response in oriens-layer interneurons, a shared synaptic dysfunction in all three models, and that DBS rescued these phenotypes of hippocampal circuit dysfunction in Rett mice.
Studies of human patients using electroencephalography or fMRI technology reveal that increased neural circuit synchrony might be a hallmark of neuropsychiatric disease, including epilepsy, schizophrenia, and movement disorders such as Parkinson disease, Huntington disease, tremor, and dystonia (Uhlhaas and Singer, 2006 ). Here we find elevated synchrony in the spontaneous firing activity of hippocampal CA1 neurons, in both MeCP2 deletion and duplication mouse models, ex vivo and in vivo (Figure 1 ). Of note, this increased synchrony occurs months before the animals develop any seizures, pinpointing early circuit abnormalities. These data suggest that loss of hippocampal circuit asynchrony may contribute to learning and memory abnormalities seen in pediatric neurological syndromes, potentially by degrading the precision of neuronal ensemble firing and disrupting normal circuit dynamics underlying memory formation. The fact that two mouse models with opposite molecular and cellular phenotypes produce the same circuit-level phenotype raises the possibility that our findings may be generalizable to other forms of syndromic intellectual disabilities. Indeed, hypersynchrony in the developing neocortex and increased correlations in the prefrontal cortex were also observed in two other mouse models of autism (Gonç alves et al., 2013; Luongo et al., 2016) . Homeostatic mechanisms governing the balance of excitation and inhibition are in place to prevent runaway excitation, i.e., to maintain circuit asynchrony (Okun and Lampl, 2008) . We found that hippocampal CA1 neurons in both MeCP2 deletion and duplication mice are prone to entering a hypersynchronous state in response to a low dose of GABA A receptor blocker Gabazine (Figure 2 ) (Bodda et al., 2013; McLeod et al., 2013) . This shows that the homeostatic mechanisms maintaining CA1 circuit asynchrony are impaired in both MeCP2 deletion and duplication mice. MeCP2 heterozygous females, the model for Rett syndrome, also showed this dramatic impairment in maintenance of asynchrony. The impaired homeostatic response to perturbations also probably underlies the seizures in late-stage MECP2 duplication patients and mice (Bodda et al., 2013; Collins et al., 2004) , and many Rett patients and certain Rett mouse models (Chao et al., 2010; Goffin et al., 2014; Nissenkorn et al., 2010; Zhang et al., 2014) . These results provide further evidence for overlapping circuit-level dysfunction phenotypes in these two distinct MeCP2 disorders.
By manipulating MeCP2 dosage in different neuronal subtypes, we found that baseline neuronal synchronization and perturbation-induced hypersynchrony ( Figure 2C ) are in fact dissociable processes and appear to arise from MeCP2 dysfunction in different groups of neurons ( Figure 2D ). Normal MeCP2 dosage in excitatory, but not inhibitory, neurons was required to generate the baseline asynchronous state, while MeCP2 in inhibitory, but not excitatory, neurons was needed to maintain circuit asynchrony in response to perturbations. Given that the baseline asynchronous state enables optimal information processing, and maintaining asynchrony in response to perturbations is important to prevent epileptogenesis (Goffin et al., 2014) , it is interesting to speculate that different phenotypes of complex pediatric neurological disorders, e.g., cognitive dysfunction and seizures, may depend on loss of a gene's function in different cell types (Durand et al., 2012) . Our results show that different cell types in the hippocampal circuit can play unique roles in the regulation of neural circuit homeostasis.
Decreased excitatory synaptic response in inhibitory interneurons is a shared physiological abnormality between KO and OE mutants that has not been previously reported. We observed an $40% decrease in the frequency of excitatory synaptic response in these interneurons, suggestive of a dramatic decrease in the number or release probability of excitatory synapses on these cells, which likely disrupts their ability to regulate the timing and plasticity of pyramidal neuron activity (Mü ller and Remy, 2014) . This shared deficit in excitatory synaptic response is unique to interneurons, as excitatory-to-excitatory neuron events (sEPSCs) are decreased in Null but increased in Tg1 mice. Remarkably, the impaired excitatory response in interneurons was also present in both excitatory-specific and inhibitoryspecific cKO mice. This showed that there is not a simple oneto-one correspondence between the synaptic physiology and population-level synchrony findings, suggesting that MeCP2 regulates synaptic function in both the presynaptic and postsynaptic cells. Together with the synchrony results, these data suggest that impaired excitatory input to inhibitory neurons could contribute to both baseline and Gabazine-induced hypersynchrony. How this synaptic defect contributes to circuit hypersynchrony needs further exploration.
The shared circuit-level phenotype we report here in both Mecp2-deletion and MECP2-duplication mice is remarkable given that gain and loss of MeCP2 function largely exert opposing effects on gene expression, synaptic function, and neuronal morphology. This finding opens the exciting possibility that shared circuit-level phenotypes might occur across other mirror-image deletion-duplication genomic disorders such as Smith-Magenis syndrome (chr17p deletion) and Potocki-Lupski syndrome (chr17p duplication) (Ramocki and Zoghbi, 2008) or the 16p11.2 deletion and duplication syndromes (Qureshi et al., 2014) . Future studies investigating this possibility might inspire targeted circuit manipulations that could potentially benefit a broad class of disorders characterized by syndromic cognitive dysfunction.
DBS might provide just such a circuit manipulation. DBS is already commonly employed for Parkinson disease and dystonia. Its use is being explored in a wide range of neuropsychiatric disease including epilepsy, Alzheimer, Tourette syndrome, and depression, yet the biological mechanisms underlying the resolution of symptoms following DBS are hardly studied and poorly understood. This is especially true for chronic DBS paradigms, which must mediate their effect through enduring changes in circuit connections and function. Here we show that chronic DBS can modify synaptic microcircuits in a manner that both repairs neural circuit homeostasis and normalizes spatiotemporal patterns of spontaneous firing activity in a heritable form of intellectual disability. Our finding that DBS rescues both the learning deficit (Hao et al., 2015) and circuit dysfunction suggests that these circuit abnormalities may underlie, or at least contribute to, the behavioral deficits in Rett mice. This supports the notion that Rett and related syndromes are disorders of neural circuit function, or ''circuitopathies,'' and therefore may respond to interventions targeted at the neural circuit level (Zoghbi and Bear, 2012 ). Finally, DBS shows promise for restoring neurological dysfunction in carefully selected disorders of autism and intellectual disability, where there are perhaps hundreds of distinct genetic etiologies that converge to a few regimes of canonical neural circuit dysfunction.
EXPERIMENTAL PROCEDURES
All procedures to maintain and use these mice were approved by the Institu- 
